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yd
ABSTRACT

N
14
Laboratory apparatus for studying the catalytic reduction of carbon
monoxide with hydrogen was designed, fabricated, and operated. Three different
nickel-containing catalysts were evaluated. In addition, a determination was
made of the effects on catalyst activity of several impurities in the reactant gas,

and of the feasibility of achieving the reduction reaction without catalyst.

Virtually quantitative reduction of carbon monoxide with hydrogen was
obtained using Catalyst C-0T765-1001 under these conditions: H2/00 mole ratio,
3:1; space velocity, 1000 hr-l; catalyst bed temperature, 25000; and catalyst

bed pressure, 6.1 atm.
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Report No. 2757

I. CBJECTIVE

The objective of this program was to study the reaction of carbon monoxide
and hydrogen, under a variety of conditions, to yield water and a carbon-
containing material, preferably methane. Sufficient data was to be obtained to
permit a preliminary evaluation of this reaction as a step in the reduction of

silicate materials (lunar raw material) to produce oxygen.

11. SUMMARY, CONCLUSIONS, AND RECOMMENDATTIONS

A, SUMMARY

1. Task 1, Design

Task 1 was devoted to the design of bench-scale equipment for
use in determining the feasibility of the first and second steps in the Aerojet

carbothermal oprocess for the manufacture of oxygen from lunar minerals.

a. A small reactor (10 scfh of reactant gas) for the reduc-
tion of carbon monoxide with hydrogen was designed. Maximum flexibility of
operation was stressed to provide the ability to operate at temperatures of 200
to 9OOOC, at pressures of 1 to 7 atm, and at hydrogen/carbon monoxide mole ratios

ranging from 1:1 to L4:l.

b. A small reactor (50 cc rock capacity) was designed for
the reduction of natural silicate rock with methane. A 10 kva induction furnace

will be utilized to provide reaction temperatures up to 2200°C.

2. Task 2, Fabrication

Task 2 was devoted to the construction of the bench-scale
equipment for the study of the second step of the process (i.e., the reduction

of carbon monoxide with hydrogen). The catalyst chamber was fabricated from a
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IT Summary, Conclusions, and Recommendations, A (cont.) Report No. 2757

Type 316 stainless steel fin-tube in order to withstand the high temperatures and
high heat fluxes required. ©Standard industrial and laboratory equipment were

used wherever possible in order to simplify and speed construction.

3. Task 3, Testing

This task was devoted to proving that the test equipment would
perform according to design. Tests were made which demonstrated\ﬁhat the equip-
ment can be operated successfully at temperatures from 200 to 90006& and at
pressures from 1.0 to 7.0 atm. The temperatures of the three catal&%t\bed
sections were controllable to *2°C with a differential of t200°C. An initial
charge of catalyst was successfully reduced and activated by flowing hydrogen
through it at temperatures up to hSOOC for 5 hours. Three preliminary runs
demonstrated that the equipment was capable of yielding excellent data for the

intended research.

L, Task 4, Data Acquisition

Task 4 was devoted to obtaining data on the reduction of carbon
monoxide with hydrogen. Three different catalysts were evaluated. In addition,
a series of runs was made to determine (a) how various impurities in the reactant
gas affect catalyst activity, and (b) the feasibility of accomplishing the reduc-

tion without a catalyst.
a. Catalyst C-0765-1005

A series of 26 successful data-producing runs was made
with Catalyst C-0765-1005 (25% Ni on 4 to 8 mesh silica gel). Optimum operating
conditions for this catalyst were found to be as follows: space velocity,
approximately 1000 hr_l; hydrogen/carbon monoxide mole ratio, U4:1; catalyst bed
pressure, 6 atm; and catalyst bed temperature, approximately 425°C. Under these
conditions, carbon monoxide conversions were greater than 99.8%, yields of water
and methane were greater than 99%, and yields of carbon dioxide were less than
1%. No other hydrocarbons or oxygenated compounds were found in either the
product water or gases. Less than 0.1% of the carbon monoxide was deposited on

the catalyst as carbon.
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b. Catalyst C-0765-1001

A series of 12 data-producing runs was made with Cata-
lyst C-0765-1001 (50% Ni on kieselguhr, 1/8-in.-dia pellets). This catalyst was
greatly superior to Catalyst C-0765-1005. Nearly complete conversions were
obtained under the following conditions: space velocities of 2000 hr-l;
hydrogen/carbon monoxide mole ratio of 4:1; atmospheric pressure; and a reaction
temperature of only 25000. The hydrogen/carbon monoxide mole ratio could be
reduced to 3:1 at 6.1 atm, 1000 hr-1 space velocity, and 25000 while still main-
50 yields of 99%+, CO, yield of
less than 1%). At the 3:1 hydrogen/carbon monoxide mole ratio, the product gas
contained more than 90% methane and less than 0.5% carbon dioxide.

taining nearly complete conversions (CHM and H

Pressure drop across the catalyst was low (less than 1 in.
of water AP with 1000 hr-l space velocity and 6.1 atm). The pressure drop did not
build up with time, and no carbon was found deposited on the catalyst. The
catalyst was still active when it was removed after 110 hours of operation. A
deep (38.5 in.) catalyst bed was required to obtain nearly complete conversion of
the carbon dioxide (produced in the top of the catalyst bed) when the low

hydrogen/carbon monoxide mole ratio was used.
c. Catalyst C-0765-1003

This catalyst, which contained about 15% nickel deposited
on kieselguhr (5/32-in. extruded pellets), was found to be intermediate in
activity between the first two catalysts tested. The catalyst was not active at
25000, but was quite active at 35000. Increasing the catalyst bed temperature to
400°C did not increase the conversion of carbon dioxide into methane and water at

a hydrogen/carbon monoxide mole ratio of 3:1.
d. Bare Tube

A series of four runs was made without catalyst (bare
tube) in the reactor. These runs were made under the following conditions:
space velocity of 550 hr-l; pressure of 6.1 atm; hydrogen/carbon monoxide mole
ratio of 3.7:1; and temperatures of 500 to 9OOOC. The data show that the maximum
carbon monoxide conversion was only about 4h% at TOOOC; about 15 to 25% of the

conversion was to carbon dioxide rather than to methane and water.
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e. Impurities

Three series of runs were made with the best catalyst
(C—0765-1001) in which impurities were purposely added to the reactant hydrogen
gas. A run of 22 hours duration was made with 59 grains of sulfur/lOO scf (as
COS) in the hydrogen stream. In this time more than 3 g of sulfur (equivalent to
3.9 wt% of the nickel in the catalyst) was charged to the reactor. Although the
top third of the reactor had absorbed nearly all of the sulfur and was nearly
deactivated, the remaining two-thirds of the reactor continued to operate with

only a small decrease in conversion and yields.

A run of 10 hours duratiocn with 1 vol% nitrogen oxide (wo)
in the hydrogen reactant gas demonstrated that this nitrogen oxide does not damage
57 25 wth to Nz); this

ammonia would have to be removed from the product gases and the hydrogen recovered

the catalyst. However, the oxide is reduced (75 wt% to NH

for a lunar process.

A run of less than 3 hours duration with 0.5 mole% phos-
phine (PH5) in the hydrogen reactant gas demonstrated that phosphorus 1s an
active catalyst poison which will have to be removed from the reactant gases.
Approximately one-half of the catalyst bed was deactivated and its pressure drop

increased greatly during the short run.

Carbon dioxide and water in the amounts normally present
in the catalyst bed were not found to be harmful. A low concentration of nitrogen

(0.5% N2) present in the carbon monoxide reactant gas did not harm the catalyst.

5. Task 5, Process Integration

This task was devoted to integrating the various steps of the
overall process so as to obtain a logical plan of development. The Aerojet carbo-
thermal process for the manufacture of oxygen from lunar materials is a three-step
process in which hydrogen and methane are continuously recycled, and oxygen and
slag are the major products. The first step is the reduction of lunar silicate
material with methane to form hydrogen, carbon monoxide, and slag. The second
step is the reduction of the carbon monoxide with hydrogen to yield methane for
recycle and water. The water 1s electrolyzed in the third step to yield oxygen

(product) and hydrogen for recycle.
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IT Summary, Conclusions, and Recommendations, A (cont.) Report No. 2757

The feasibility of the second step has been thoroughly demon-
strated in this program; equipment for the first step has been designed on this
program and the feasibility of the process will be demonstrated on an extension
to the program. The next logical step in the development of the process is
integration of Steps 1 and 2 into a continuous process. A flow diagram for such

an integrated process was developed.,
B. CONCLUSIONS

1. The objectives of the program have been achieved. The feasi-
bility of the quantitative reduction of carbon monoxide with hydrogen to form
methane and water utilizing a modified Fischer-Tropsch synthesis was unequivo-

cally demonstrated.

2. Reaction conditions were found which yield (a) virtually
quantitative conversion of carbon monoxide to methane and water, (b) carbon
dioxide in less than 1.0%, (c) negligible carbon formation, (d) methane as the

exclusive organic product, and (e) a 90% methane concentration in the product gas.

3. An excellent nickel-containing catalyst was found which achieves
these excellent results at low catalyst bed temperature and pressure and high

space velocity (250°C, 1.0 to 6.0 atm, and 1000 hr_l).

L, The uncatalyzed reduction of carbon monoxide with hydrogen does
not produce sufficiently high yields of methane and water to warrant further con-
sideration. Maximum carbon monoxide conversion was only L4L% at TOOOC and the

yield of carbon dioxide was intolerably high — 15 to 25%.

5. Sulfur and phosphorus compounds must be completely removed from
the reactant gases prior to contact with the catalyst bed to obtain suitable

catalyst life.

6. The design of a bench-scale reactor to determine the feasi-
bility of the first step of the process (i.e., the reduction of silicate rock

with methane to form carbon monoxide and hydrogen) is complete.
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C. RECOMMENDATIONS

The Aerojet carbothermal process has three essential steps: (1) the
reduction of silicate with methane to form carbon monoxide and hydrogen; (2) the
reduction of carbon monoxide with hydrogen to form methane and water; and (3) the
electrolysis of water to form hydrogen and oxygen. The process is cyclic in

nature, with the methane and hydrogen returned to the system.

1. The determination of the feasibility of Step 1 of the process
should be started promptly.

2. The present program was not able to provide long-term activity
data for the candidate catalysts evaluated for use in Step 2. Such data can be
obtained only by carrying out the reaction on a continuous basis over prolonged
time periods {30 to 90 days). Such a study will also provide information on
the mere subtle effects of impurities on catalyst activity and product yield,
and more precise material balances for reactants and products. The orderly
development of the Aerojet carbothermal process requires, therefore, that the
carbon monoxide reduction reaction be studied on an increased scale for prolonged
time periods, utilizing the reaction data determined on the present program as
the basis for reactor design and fabrication. This research should be started

vromptly.

3. The separation of water into its elements is required for many
of the chemical cycles which will find use in extraterrestrial applications,
including Step 3 of the Aerojet carbothermzl process. ZElectrolysis appears to
be the only rractical method for the decomposition of water. Commercially
available equipment, however, cannot be utilized where light weight is required
for payload savings. In addition, electrode efficiency can be improved by
Judicious choice of electrode materials. The importance of this reaction re-

quires that it be studied promptly.

IXI. TECHNICAL DISCUSSION

Research on the first increment of Contract NAS T7-225 was initiated
22 April 1963 and completed 15 November 1963. The program was divided into six
tasks: Task 1, Design; Task 2, Fabrication; Task 3, Testing; Task 4, Data

Acquisition; Task 5, Process Integration; and Task 6, Reports.
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{

A. LITERATURE STURVEY

The literature on the reaction of carbon monoxide with hydrogen was

studied with care during the program period. Due to the copious amount of work
which has been done on the many facets of this reaction and the rapid pace with
which the program was required to move, 1t was necessary to rely heavily on
previous literature surveys. Two literature reviews (References 1 and 2) were
found to be of particular value as aids in locating the most recent pertinent

work. Reference 1 contains a wealth of thermodynamic data for the reactions

+1) H, - 0 = C i
(2n+1) H, + 1 C Ao o + 0 H0
(n+1) Hy + 2n CO = S Ho o+ nCO,

and several related reactions producing a variety of other products.

Reference 2 is a bibliogréphy containing 3711 abstracts of papers
and LO1T abstracts of patents. These sources were helpful in locating the most
recent literature (References 3 through 7) on the reaction to form methane as a
primary product. Investigation 5137 of the U.S. Bureau of Mines was very helpful
in the design of the equipment and in the choice of the catalysts. This report
appeared to be the most recent of significant work on the reaction and is repre-

sentative of the state of the art before the present program was initiated.

Although much work was devoted to studies by others on the production
of methane, such work was directed toward objectives which are considerably dif-
ferent from the objectives of this program. Previous investigators sought a
hydrocarbon product of commercial interest and had little regard for water pro-
duction or precise material balances. Because this investigation was concerned
with a reaction intended for use on the lunar surface, water became an important
product, and loss of carbon, hydrogen, and oxygen in the reaction was a critical
factor to be considered. These broad objectives were borne in mind when the
literature was reviewed to select data for design, construction, and operating

conditions of the flow apparatus.
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III Technical Discussion (cont.) Report No. 2757
B. TASKS 1 AND 2, DESIGN AND FARRICATION
1. Design of the Reactor for the Reduction of

Carbon Monoxide with Hydrogen

The equipment used in the study of the reaction of carbon
monoxide with hydrogen was designed to allow maximum flexibility in operating
conditions. Type 316 stainless steel was chosen as the reaction-chamber metal
because of its high temperature strength, resistance to corrosion, and nickel
content. The U.S. Bureau of Mines (Reference 3) used carbon steel chambers in

its laboratory scale equipment.

Figure 1 is a schematic flow diagram of the hydrogen-carbon
monoxide reactor designed for this investigation. Heat dissipation is one of
the major problems associated with the reaction as it is highly exothermic.
This problem was minimized by making the reaction chamber (l)* small in diameter
(0.527 in. ID) in relation to its length (38.5 in.). This design provided a
large surface area for cooling and a minimum distance for the reacting gases to
travel from the center of the chamber to the cooling surface. ¥Fins were provided
on the outside of the tube tb furnish additional cooling surface. For convenience,
air was used as the cooling fluid. In a lunar installation, a fluid such as
Dowtherm or a molten salt, would be recirculated through an exchanger or radiator

to dissipate the heat of reaction.

The reaction chamber was divided into three separate sections
for temperature control. Each section was provided with an electrical heating
unit (2) and a separate air-cooling system. This provided the unit with capa-

bility for adjusting the temperature profile of the reactor as desired.

Commercial grade hydrogen and carbon monoxide from compressed
gas cylinders were used in these studies. Two-stage pressure-reducing regulators,
needle valves and rotameters, or orifices and manometers, were used to control
the flow rates. The pressure on the reactor was controlled by a motor valve (11)

which was operated by an automatic pressure recorder and controller (not shown).

*
Numbers refer to coding system used in Figure 1 to label reactor components.
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Electric heaters (3) were provided for each of the two feed-gas
streams for close temperature control. A small gas compressor (7), a rotameter
(5), and a heater (3) were provided for the gas recycle stream. The outlet gas
was cooled and passed through the condenser (8). The condensate was separated
and collected in a receiver (9) and then measured (10). Samples of the outlet
gas were collected for analysis (12) and the outlet gas volume was measured with
a wet test meter (13).

Chromel-Alumel thermocouples (i) were used to measure the
catalyst bed temperatures. Skin thermocouples (thermocouples welded to the
outside of the tube) were used to measure the intermediate bed temperatures.
Inlet, outlet, and two midpoint bed temperatures were sensed by thermocouples
immersed in the gas stream. The temperatures were measured and recorded by a

2h-point strip chart recorder.

Sample connections were provided at the 1/3 and 2/3 intermediate
points in the catalyst bed. These connections consist of l/h-in. stainless steel
tubes welded to the chamber wall.

2. Fabrication of the Reactor for the Reduction of
Carbon Monoxide with Hydrogen

The catalyst tube (bed) was fabricated from a L-ft piece of
5/8-in. OD, 0.049-in. wall, 316 stainless steel tube. Three 1-ft sections of
stainless steel (serrated, 1-1/4 in. OD, L fins/ft) fins were attached to the
outside of the tube. Figure 2 is a photograph of the reaction unit under con-
struction. In the photograph, the lower heating unit is being installed at the
bottom of the tube. The lower air inlet connection was installed as shown. It
is partly covered by insulation. The cooling air enters at the bottom, flows up

around the stainless steel fins, and leaves at the top of each heating unit.

The carbon monoxide, hydrogen, and recycle gas preheaters can
be seen at the top of the photograph. Electric heaters similar to the bed
heaters were later installed on the preheaters. The product gas cooler-condenser
(lower right of photograph) is constructed of a 3-ft-long coil of 3/8-in. stain-
less steel tubing in a L-in. OD stainless steel jacket. The condensate separators

are made from standard 125-ml stainless steel sample containers.
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Figure 3 is a photograph of the completed reaction unit. The
reactor and preheaters have been covered with a 3-in. layer of insulation and a
stainless steel jacket. A wet test meter (lower right) was used with rotameters
and orifices (not shown) to calibrate the flows of the reactant gases and to
measure the product gas. The condensate was collected in a 250 ml flask which
was periodically weighed. A panel board (left side of photograph) was installed
to mount the major instrumentation, including reactor bed pressure indicator-
controller, reactor bed pressure drop recorder, temperature recorder (24 -point
strip chart), reactor catalyst bed temperature controllers, reactant gas preheater
controllers, and pressure gages. Two-stage pressure-reducing regulators were
mounted on the gas cylinders (not shown). The two reactant gas rotameters and
orifices and manometers are mounted on the bench rack back of the panel board.
The three cooling air rotameters and needle valves are also located on the bench

rack to the left of the reactor (behind the panel board).

c. TASK 3, TESTING

1. Equipment Operational Limits

A series of short tests was made on the equipment in order to
determine its operating limits and characteristics. Argon was used through both
preheaters and through the reactor (no catalyst) to establish that reaction
temperatures as high as 9OOOC can be obtained. The temperature on each of the
three catalyst bed sections can easily be controlled independently to within as

little as 2°C or to as much as £200°C of each other.

The catalyst bed pressure-control system was found to operate
satisfactorily at pressures up to about 90 psig. With minor changes the equip-
ment can be made to function from 7 psia up to 265 psia. Reactant flow rates
can be accurately measured and controlled at rates as low as 0.5 scfh and as
high as 10 scfh.

2. Catalyst Reductions

After the apparatus was tested for gas leaks at 100 psig, the
reactor tube was filled with 138.5 ce (ca. 65 g) of catalyst. The bed tempera-
ture was slowly raised to 450°C and then maintained between 350 and MSOOC with

1.0 atm of hydrogen passing over the catalyst. These conditions were maintained
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for periods up to 48 hours. A sample of exit gas was taken periodically for
water analysis. The water content of the gas decreased with time; catalyst
regeneration was considered complete when the water content of the gas dropped
below 0.1 vol%. Hydrogen (60 psig) was maintained in the apparatus when it was

not in operation.

3. Preliminary Runs with Carbon Monoxide .and Hydrogen

Several highly successful preliminary test runs were made
using Catalyst C-0765-1005. These data are presented in Tables 1, 2, and 3.
These preliminary runs were made with a L:1 hydrogen/carbon monoxide mole ratio
(2 sefh of hydrogen and 0.5 scfh of carbon monoxide) at 1.0 atm. The tempera-
ture profiles in the catalyst chamber were irregular but the conversions and
yields were good. The overall material balances were excellent (to T1%). The
individual component balances, however, were not as good, indicating that the

operating and analytical techniques needed to be improved.

The operating data for the three preliminary runs are presented
in Table 1; Table 2 presents the product gas analyses (mass spectrometer). The
hydrogen concentration in the product gas varied from about 63 to 70% and the
methane concentration from about 25 to 33%. Ideally, with a 4:1 hydrogen/carbon
monoxide mole ratio, the composition should be 50% methane and 50% hydrogen.

The carbon monoxide concentration varied from about 0.5 to 0.2%, corresponding
to carbon monoxide conversion of 98.6 to 99.4%. The carbon dioxide concentra-
tion varied from about 5 to l%. Only inconclusive traces of C2 or heavier hydro-
carbons were rarely found in the product gas. The water which was condensed from
the product gas was clear and colorless; vapor-phase gas chromatographic analysis

showed that no carbon-containing compounds were present.

Table 3 presents the material balances and conversions for the
runs. Carbon monoxide conversions were very good (98.6 to 99.4%). Yields of
methane were fairly good (81.7 to 94%.1%). Yields of water were good (85.5 to
90.1%) and yields of carbon dioxide were gratifyingly low (3.2 to 10.8%), com-
pared with up to 25 or 30% reported in the literature. Run 5, with low tempera-
tures in the top section and high temperatures in the bottom section of the bed,
was found to give better yields of methane and water than Runs 8 and 9, in which

the temperatures were all at 5000C or lower.
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D. TASK 4, DATA ACQUISITION

Three different catalysts were investigated in order to determine the
most efficient one available for reducing carbon monoxide into methane and water.
The effects of a bare tube on the reaction were explored, and the effects of
impurities in the feed upon the catalyst were investigated. These studies will

now be discussed in the order in which they were carried out.

1. Catalyst C-0765-1005

A series of 26 successful data-producing runs was made (Runs
10 to 13, 18 to 33, and 35 to 41) with the C-0765-1005 catalyst (25% Ni on
L to 8 mesh silica gel). The data for these runs are presented in Tables L, 5,

and 6, and Figures 4 to 9.
a. Temperature

Figure 4 is a plot of the data showing how catalyst
temperature affects carbon monoxide conversion and yields at a L:l hydrogen/
carbon monoxide mole ratio at atmospheric pressure and a 500 hr-l space velocity.
In this plot the normalized yields were used (see Table 6 and discussion under
Material Balances).

There are at least two routes which the reaction of

carbon monoxide and hydrogen to yield methane can follow:

it

2 CO + 2 H, —»CH, + CO, NH -61.12 Keal® (1)

N

-51.31 Keal® (2)

UO+5H2 —~>CHu+H20 NH

Reaction (1) yields carbon dioxide and Reaction (2) yields water as the secondary
products. An excess of hydrogen enhances the formation of the products of
Reaction (2) by promoting Reaction (3), which consumes the carbon dioxide

produced by Reaction (1).

CO, + 4 Hy —CH) + 2 Hy0 MH = -41.50 Keal” (3)

*
Heat of reaction calculated at 22700 using JANAF data.
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III Technical Discussion, D (cont.) Report No. 2757

The data in Figure L4 show that as the temperature is increased from 350 to MESOC,
the yield of methane and water increased and the carbon dioxide yield decreased.
This would occur normally due to an increase in the reaction rate with tempera-
ture. However, above h25oC the yield of methane and water decreased and the
yield of carbon dioxide increased. This change indicates that either the cata-
lytic activity of the C-0765-1005 catalyst changes in such a manner as to favor
carbon dioxide formation above L2SOC, or the chemical equilibrium for the overall
reaction shifts in favor of carbon dioxide formation at the higher temperatures.
The latter seems unlikely as the formation of carbon monoxide, rather than carbon

dioxide, is favored by high temperature.

The second charge of catalyst (dotted lines in Figure k)
appeared to be more active than the first charge which was heated to higher
temperatures in the preliminary runs. Excellent yields of 98 to 99% water and
methane, and less than 1% carbon dioxide, were found to be obtainable with

active catalyst.
b. Pressure

Figure 5 shows the effect of catalyst bed pressure on
carbon monoxide conversion and yields. A series of runs was made with Catalyst
C-0765-1005 with a L4:1 hydrogen/carbon monoxide mole ratio, a 1000 hr—l space
velocity, and a hSOOC bed temperature. Under these conditions, the carbon
monoxide conversion was virtually complete at 1 atm; raising the bed pressure
to 6 or 7 atm increased the carbon monoxide conversion only slightly. However,
increasing the bed pressure had a dramatic effect on product distribution: the
water yield increased from 85 to 99+%; the methane yield increased from 93 to

99+%; and the carbon dioxide yield decreased from T% to less than 0.5%.

In comparing the carbon monoxide conversion in the runs
previous to Run 25 with those after Run 25, the data show that the later runs
appear to have better carbon monoxide conversions. The actual carbon monoxide
conversions in the first 25 runs are believed to be slightly low. The method of
analyzing for carbon monoxide in the product gas was changed from mass spectro-
photometry to gas chromatography after Run 25. It was found that there was a

small amount of nitrogen in the carbon monoxide feed. This nitrogen passed
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through the catalyst unchanged and caused the mass spectrometric analysis for
carbon monoxide to be 0.2 to 0.3% high. The gas chromatograph separates the
carbon monoxide from nitrogen and is sensitive to about 0.01% carbon monoxide.
The mass spectrograph cannot perform a similar analysis nearly as easily and

was not used for this determination after Run 25.
c. Hydrogen/Carbon Monoxide Mole Ratio

Figure 6 shows the effect of lowering the hydrogen/carbon
monoxide mole ratio on carbon monoxide conversion and product yields. Two series
of runs were made, one at 1.0 atm pressure and a 500 hr-l space velocity, and one
at 6.1 atm pressure and at 1000 hr_l space velocity. Lowering the hydrogen/
carbon monoxide mole ratio from 4:1 to 3.1:1 {at 500 hr-l space velocity and
1.0 atm) lowered the water and methane yields severely (95.9% to 78.5%, and 98.1%
to 88.L4%, respectively) while increasing the carbon dioxide yield 5-fold (2.1 to
10.9%). At the same time the methane concentration of the product gas increased

from 48.9 to 56.8% (see Table 5, Runs 20 and 21), a relatively small change.

The series of runs made at 1000 hr-l space velocity and
at 6.1 atm catalyst bed pressure gave similar results. Increasing the pressure

to 6.1 atm more than offset the increase in space velocity from 500 hr—l to

1000 hr_l, so that the methane and water yields did not drop off quite as fast
with decreasing hydrogen/carbon monoxide mole ratio as it did with the 1.0 atm
runs. At either pressure, hydrogen/carbon monoxide mole ratios of about U4:1

were required to reduce the carbon dioxide yield to an acceptable level (1 to 2%).

Product gas composition (dry basis) is directly affected
by the hydrogen/carbon monoxide mole ratio used. For 1deal conversion, a 3:1
feed gas ratio would yield 100% methane and 0% hydrogen, and a 4:1 ratio would
yield 50% methane and 50% hydrogen. The actual product gas composition depends
upon catalyst activity, space velocity, pressure, temperature, etc. Figure 7
shows how the actual product gas composition varied vs hydrogen/carbon monoxide
mole ratio for Catalyst C-0765-1005 at 450°C, 6.1 atm, and 750 to 1000 hr -
space velocity. At a 4:1 ratio the product gas (L46% CH),, 549 Hg) approached

theoretical, but as the hydrogen/carbon monoxide mole ratio was lowered the
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product gas composition moved farther and farther from the theoretical. At a
3,05:1 ratio the product gas composition was only 69% methane and 25% hydrogen
(theoretical composition, 98.4% CH), and 1.6% HZ)' Both carbon monoxide and
carbon dioxide in the product gas increased rapidly as the hydrogen/carbon

monoxide mole ratio was decreased.
d. Space Velocity

Space velocity, as used in this report, is defined as
the reactant flow rate (scfh) divided by the tube volume containing the catalyst
(cu ft). Increasing the space velocity from 500 to 1000 hrt (at 1.0 atm, k4:1
ratio, and hSOOC) was found (see Figure 8) to decrease water and methane yield
appreciably (95.9 to 89.4%, and 98.1 to 90.3%, respectively) while drastically
increasing the carbon dioxide yield (2.1 to 9.2%). The methane content of the
product gas also fell (from 48.9 to 33.7%). At catalyst bed pressure of 6.1 atm
(at 4:1 ratio and 450°C), it was found possible to obtain low carbon dioxide
yields at three times the space velocities (see Figure 9) used at 1.0 atm.
Figure 8 shows how increasing space velocity affects carbon dioxide yields with

several IOW'hydrogen/carbon monoxide mole ratios.
e. Material Balance

The overall material balances (see Table 6) varied from
94 to 103%. In the majority of cases the low material balances are due to water
absorbed or condensed out on the catalyst. There are usually at least one or two
stations on the catalyst bed which are below the water dew point. The low
temperatures are caused by the cooling air which is required to keep the reacting
zones at the desired temperature. The section of catalyst below the reacting
zone is then cooled below the desired temperature. In future plant designs this
problem will be eliminated by providing more cooling fluid inlets so that only

the desired sections will be cooled.

Although rather good material balances were obtained
(t5%), the rather small changes in water and methane yields vs an independent

variable were sometimes partly obscured by the difference in material balance.
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Because the material balances vary somewhat sbove and below lOO% and because the
yields are directly affected by material balance, it is believed that it is

proper to normalize the yields to 100% elemental balance.

Three different methods may be used to calculate product
yields. The per pass yield in the case of methane is (moles of CHu/moles of CO)
(100); the actual or ultimate yield in this case is (moles of CHh/moles of CO —
moles of CO unconverted) (100). Due to the inherent errors in operating the
apparatus with continuously metered inputs and outputs, and with only inter-
mittent sampling of gases for analysis, it is possible that a yield calculated
by the above two methods may exceed 100%. Because all of the product appeared
either in the gaseous phase or as condensed water, as indicated by the analysis
of the catalyst bed after operation, the valid assumption was made that calcu-
lated material balances for the elements were in error by the amount they deviated
from 100%. Consequently, the actual yield of any product was converted to a more

significant yield by making use of this assumption.

An example of this conversion will now be given for
Run 13 (Table 6). The actual yield of methane was calculated to be 98.0%.
However, the material balance for carbon was calculated to be 104% because the
total carbon in the products was found to be T7.469 g per hour whereas the input
rate was only 7.17 g of carbon per hour. The methane carbon amounted to 6.954 g
of the T7.469 g of total carbon. The amount of carbon in each of the products
must be divided by 1.0L to bring the total carbon in the product down to equal
7.17 g. Consequently, the methane actual yield must also be reduced by this
factor. The normalized yield is thus calculated as {actual yield/% material

balance of major element) (100).

The oxygen balance was used to normalize the water yield
because most of the oxygen in the reaction products was contained in the water;
the carbon balance was used to normalize the methane yield because nearly all
of the carbon in the reaction products was contained in the methane. Although
the differences between the actual yields and normalized yields were small, the

normalized yields gave a smoother plot of the data than did the actual yields.
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Also, the normalized yields approximated more closely the methane and water re-
lationship which is expected when only methane, water, and carbon dioxide are

formed.

The material balances were not corrected for the very
small amount of carbon that was deposited on the catalyst. Analysis of the
catalyst after the completion of Run 13 showed that an insignificant amount of

carbon (0.1%) was deposited on the top third of the bed.
f. Heat Balance

The equipment used in these studies was not designed to
give accurate heat balances. Accurate heat balances are extremely difficult to
obtain in small pilot and bench-scale experiments. However, the overall heat of
reaction of the process can be easily calculated from well-known reactions such
as those exemplified by Equations (1), (2), and (3). In the apparatus used in
this study almost all of the heat of reaction was given off in the top third of
the catalyst bed. This was best shown by the amount of cooling air required in
the three sections. In none of the runs was any cooling air required in the
lower or middle third of the reactor beds, while the top third required up to
4O sefh of 2500 air to control the catalyst bed at the desired temperature (250
to 500°C).

g. Pressure Iirop

The pressure drop across the catalyst bed was guite low
in all runs when the catalyst was fairly new (see Table 7, Runs 8, 22, 2L, 26,
and 35). However, after the catalyst had operated for appreciable lengths of
time at high temperatures and at low hydrogen/carbon monoxide mole ratios, the
carbon deposition on the catalyst greatly increased the pressure drop (see
Table 7, Runs 13, 33, and 42). The pressure drop measurement was the best indi-

cation of carbon buildup on the catalyst.
h. Catalyst Life

The useful life of Catalyst C-0765-1005 was not accu-

rately determined in these tests. However, judging by the rate of pressure drop
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increase across the catalyst bed during the various runs, its useful life would
be somewhat limited at the low hydrogen/carbon monoxide mole ratios (less than
3,75:1) and high space velocities (over 1000 hr'l). It is believed that the
increase in pressure drop was caused by carbon deposition on the catalyst. For
example, in Run L1, with a 3.69:1 ratio and a 1480 et space velocity, the
pressure drop increased from 7.0 to 9.5 in. of water in 4 hours, a rate of
about 8% per hour. At a b4:1 ratio and a 500 hr L space velocity, however, no
measurable pressure drop was noted in several days of operation. Carefully

controlled tests of long duration will be required to determine useful catalyst

life.
i. Catalyst Bed Depth

These runs were made with a relatively deep catalyst
bved (38.5 in.) as compared to 4 to 12 in. for most of the investigations found
in the literature. Thié may, in part, be the reason why such high conversions
to desired products were obtained in the work reported herein. Of particular

note is the reconversion of carbon dioxide into methane and water.

Table 8 presents representative gas analyses of samples
taken from the intermediate catalyst bed sample points. These data indicate
that although virtually all of the carbon monoxide was converted in the top
section of the bed, the lower 2 ft of the bed were required to convert the
carbon dioxide formed in the top 1 ft of the bed into methane and water. This
ability to convert carbon dioxide to required product is most important. Every

effort was made to eliminate this undesired by-product from the product gas.

2. Catalyst C-0765-1001

A series of 12 data-producing runs was made (Runs 45 to 49,
and 51 to 57) with a second kind of catalyst, C-0765-1001 (50% Ni on kieselguhr,
1/8 in. pellets). The data for these runs are presented in Tables 9, 10, and
11, and Figures 10 to 13. This catalyst was so superior to the first catalyst
(C-0765-1005) tested that nearly a month was spent evaluating it rather than

investigating several other catalysts, as originally planned.
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a. Temperature

Time did not permit a thorough study of the effect of
catalyst bed temperature with Catalyst C-0765-1001. Some catalyst activity was
noted as low as EOOOC and the catalyst was found to be very active at 25000 so
that very excellent conversions were obtained. Therefore, all of the runs were
made at a nominal catalyst bed temperature of 25000, except Run 57 which was
made at 55OOC. An attempt was made during Run 57 to increase the conversion by
increasing the temperature at a 3:1 hydrogen/carbon monoxide mole ratio and a
1500 hr—l space velocity; contrary to expectations, the conversion of carbon

dioxide to methane and water decreased as the temperature was increased.
b. Pressure

The first nine runs were made at atmospheric pressure.
The conversions were nearly complete at a 4:1 ratio even with space velocities
of 2000 hr_l. It was only at lower hydrogen/carbon monoxide mole ratios that
tlLc conversions decreased sufficiently to require raising the catalyst bed pres-
sure. The last three runs were made at 6.1 atm to approach complete conversion
at a 3:1 ratio. In comparing Runs 54 and 55 (see Table 10) it can be seen that
increasing the pressure from 1 to 6 atm decreased the carbon dioxide yield from

0.8 to 0.4% and correspondingly increased the yields of water and methane.
c. Hydrogen/Carbon Monoxide Mole Ratio

The effect of hydrogen/carbon monoxide mole ratio on
conversion and yields can be seen in Figure 10. At a space velocity of 1000 hr_l,
at 25OOC, and 1.0 atm, the C-0765-1001 catalyst gave complete conversion of
carbon monoxide and carbon dioxide until the hydrogen/carbon monoxide mole ratio
was decreased to less than 3.5:1. The carbon monoxide conversion remained com-
plete but the carbon dioxide yield increased; at a 3:1 ratio the carbon dioxide

vield was approximately 2%.

A reaction, performed under similar conditions using a
1:1 ratio, initially yielded a 1l:1 mole ratio mixture of methane and carbon
dioxide. The reaction gradually went out of control due to excessive heat

release and carbon deposition on the catalyst.
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The effect of hydrogen/carbon monoxide mole ratio on the
product gas composition can be seen from Figure 11. No carbon monoxide could be
detected in the outlet gas for any of these runs. Within this range, the carbon
dioxide content of the gas increased logarithmically as the hydrogen/carbon
monoxide mole ratio was decreased below 3.5:1 (to ca. 1.5% at 3:1). The theo-
retical product yield at a 3:1 ratio is 100% methane, 0% hydrogen. The C-0765-
1001 catalyst gave 86% methane, 13% hydrogen at the 3:1 ratio. This was much
better than the 68% methane, 28% hydrogen obtained using the C-0765-1005 catalyst

at the same mole ratio and space velocity, and at higher temperature and pressure.
d. Space Velocity

Figure 12 shows how the space velocity affects the yield

of carbon dioxide under various conditions with the C-0765-1001 catalyst. At a
L:1 ratio, no carbon dioxide was formed at space velocities up to 2000 hr_l. At
a 3:1 ratio, the carbon dioxide yield increased rapidly as the space velocity

was increased above 1000 hr‘l.

e. Material Balance

With the exception of two runs, all overall material
balances for the runs with the C-0765-1001 cstalyst [see Table 11) were under
100%. Most of the low material balances can be attributed to low water recov-
eries. Because the catalyst is known to be a good adsorbant for water, it has
been hypothesized that some of the water 1s slowly adsorbed on the catalyst. In
order to prove that this was the case, a long duration run {(Run 49} was made
(see Figure 13). The water productiocn, which fluctuated about To.5 g/hour,
gradually increased throughout the run (dotted line). After 30 hours the liquid
water production rate was 19.2 g/hour (ca. 96% of theoretical). At the rate of
increase of water production (0.0l g/hour), it would have taken about 100 hours
before the actual water production rate equalled the theoretical production rate.
For long runs, the water balance should be no problem and it is hypothesized
that the small amount of water adsorbed on the catalyst may help to prevent

carbon formation.
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f. Heat Balance

In all runs the majority of the heat was released in the

top third of the bed; however, in several runs at high space velocity (1500 or

200 hr-l) and/or low hydrogen/carbon monoxide mole ratios (3:1), enough heat
release took place in the second third of the catalyst bed to require some cooling.
At the highest space velocities (1500 and 1000 hr-l), temperature control was very
difficult, due to the large amount of cooling air required (up to 100 scfh) to
maintain the nominal catalyst bed temperature. In future designs this problem
will be solved either by providing multiple carbon monoxide entry points or by

providing multiple cooling fluid entrances.
g. Pressure Drop

The pressure drop across the catalyst bed with the
pelletized C-0765-1001 catalyst was much lower (1/2 to 1/4 as much at the same
space velocity and pressure) than it had been with the 4 to 8 mesh C-0765-1005
catalyst (see Table 12).

The pressure drop did not go up with time even at hydrogen/
carbon monoxide mole ratios as low as 3:1. Run No. 49 was continued for 31 hours
without shutdown; the pressure drop did not increase a measurable amount during
this prolonged period. The absence of a pressure buildup indicated no carbon

deposition and a long, useful catalyst life.
h. Catalyst Life

Catalyst C-0765-1001-1 was still active when it was
removed after 1k runs (110 hours). As can be seen from the tabulation below,

analyses on the catalyst before and after use showed no carbon deposition.

Carbon Content of
Catalyst C-0765-1001-1

Time (hr) (wt%)

0 5.08
110, Top 1/3 5.02
110, Mid 1/3 5.11
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As stated previously, there was no pressure buildup during the run so this would
not be a limiting factor on the life of the catalyst. However, impurities in the
feed (discussed later) may prove to be the limiting factor in the life of this
catalyst. Temperature control is also very vital because carbon is definitely
deposited on the catalyst at higher (hOOoC and up) temperatures. Catalyst life
would probably be extended if the catalyst bed operating temperatures were started
low when the catalyst is new and active and then gradually raised as the catalyst

activity declines.
i. Catalyst Bed Depth

At low space velocities only the top inch or two of the
catalyst bed was involved in the major portion of the reaction. As the space
velocity was increased more and more of the bed was involved until, at very high
space velocities and low hydrogen/carbon monoxide mole ratios (Runs 55 and 57),
the full length of the catalyst bed was not able to achieve complete conversion
of carbon dioxide into methane and water. This is best shown by carbon dioxide

gradients in the reactor taken for the various runs as reported in Table 13.

Two additional advantages of a deep catalyst bed are:
(1) it allows for a margin of safety as the catalyst ages and becomes less active;
and (2) it allows the top of the bed to act as a guard chamber to remove various

catalyst poisons.

3, Catalyst C-0765-100%

A third and final catalyst, C-0765-1003 (15% nickel deposited
on kieselguhr, 5/52 in. extruded pellets) was evaluated. The data are presented
in Tables 14, 15 and 16 (Runs 60 and 61 only).

a. Temperature

The first run was made at 25OOC and almost rno conversion
was obtained. At 350°C (Run 60) excellent conversions were obtained at a L4:l
hydrogen/carbon monoxide mole ratio at 6.1 atm and a 1000 hr-l space velocity.
During Run 61 the temperature was raised to nearly 400°C in an effort to get
good conversions at a 3:1 ratio. Only fair conversions were obtained (90% H,0
yield, 95% CH) yield).
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. Pressure

The runs were made at 6.1 atm in an attempt to get maxi-

mum conversions.
c. Hydrogen/Carbon Monoxide Mole Ratio

Good conversions were achieved at a 4:1 ratio, but only

fair conversions were obtained at a 3:1 ratio.
d. Space Velocity

Only a medium space velocity (1000 hr-l) was tried. Cata-
lyst C-0765-1003 was less active than Catalyst C-0765-1001; no other space

velocities were evaluated.
e. Material Balance

The material balances were excellent for the runs with
Catalyst C-0765-1003. Water was not held up on the catalyst to nearly as great
an extent as it was on Catalyst C-0765-1001l. This resulted in better material

balances.
f. Heat Balance

Most of the heat was released in the top third of the
catalyst bed; however, an appreciable amount of heat was also released in the

middle third of the catalyst bed during Run 61 carried out with a 3:1 ratio.
g. Catalyst Life

The runs were too short to determine catalyst life.
However, temperature changes during the runs did indicate that the top third of
the bed had started to lose some activity.

h. Catalyst Bed Depth

This catalyst was less active than Catalyst C-0765-1001
so that more of the bed depth was used for conversion at comparable space

velocities and hydrogen/carbon monoxide mole ratios.
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L, Impurities in the Feed Gas

Most catalysts are known to be subject to poisoning by various
impurities. Nickel is known to be poisoned by sulfur and phosphorus. Therefore,
it was necessary to determine the extent that these and other poisons can be

tolerated in the reactant gases.
a. Sulfur

Almost any form of sulfur in the reactant gases will be
converted to nickel sulfides and thereby poison the catalyst and reduce its
activity. Carbonyl sulfide (C0S) was selected for evaluation for convenience
and its stability in steel gas cylinders. A high concentration of sulfur in
the hydrogen reactant gas (0.1 vol% COS or 59 grains of sulfur per 100 scf) was
used in these tests. This concentration is approximately 1000 times the normal
allowable 1limit of sulfur in the feed gas to Fischer-Tropsch units and permitted
the extent of sulfur poisoning of the catalyst to be determined in a relatively
short time (22 hours).

Run 63b (see Tables 14, 15, and 16) was made with freshly
reduced C-0765-1001 catalyst to provide a basis for comparison at a fairly high
space velocity and a low hydrogen/carbon monoxide mole ratio. Run 6L was made
with 0.1 vol% COS in the hydrogen stream. The data for Run 6lc (see Table 16)
were taken after 22 hours of operation with 0.1 vol% carbonyl sulfide in the
hydrogen stream. In this length of time, 3.08 g of sulfur — equivalent to 3.9 wth
of the nickel in the catalyst — was charged to the catalyst bed, and the product
gas composition had changed only slightly (CHh yield dropped from 98.9 to 98.2%,
H,0 yield dropped from 97.5 to 96.4%, and CO, yield increased from 0.95 to 1.95%).
During the progress of the run, the activity in the top 6 in. of the catalyst
bed was observed to gradually decrease. This was evident by the downward move-
ment on the catalyst column of the major temperature peak. Analysis of the
catalyst after the run showed that almost all of the sulfur was removed in the
first 6 in. of the bed, leaving the balance of the 32 in. for near-normal con-

version.
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Column Section Analysis
0 to 3 in. of catalyst 13.4 wt% sulfur
3 to 6 in. of catalyst 10.0 wt% sulfur
6 to 9 in. of catalyst 1.0 wt% sulfur

There was about 50% nickel in the catalyst at the beginning of the evaluation.

Hence, the composition in the first 3 in. of the bed approaches Ni 82’ which

3

contains 26.6% sulfur.
b. Oxides of Nitrogen

A newly reduced batch of catalyst was used for Run 66
(see Tables 1L, 15, and 16) in which 1 vol% nitrogen oxide (NO) was added to
the hydrogen stream. The data for Run 66b were taken after approximately
7 hours of operation; at a 2.98:1 hydrogen/carbon monoxide mole ratio, good
conversion was obtained (for this low ratio). The data for Run 66c were taken
after about 10 hours of operation; at a 3.4l4:1 ratic, conversions were 100% to
methane and water, showing that the catalyst was not damaged. The temperature
peak did not progress down the column during the run. It was, therefore, con-

cluded that this nitrogen oxide would not injure the catalyst.

The nitrogen oxide was reduced under the conditions of the
reaction. About 2 wt% ammonia was found in the water condensed out from these
runs. Additional nitrogen and ammonia were also found in the vapor phase. The
nitrogen material balances showed that about 75 wt% of the nitrogen oxide was

converted to ammonia, the balance being converted to nitrogen.
c. Phosphorus

In Run 67 (see Tables 14, 15, and 16), 0.5 vol% phosphine
(PHB) was added to the hydrogen stream. This run was stopped after less than
3 hours of operation, at which time the catalyst activity was falling and the
pressure drop across the reactor was increasing rapidly (O to 30 in. AP in
30 min). In Run 67b, in which the data were taken after about 2 hours of oper-
ation, the conversion was still good but 1t was starting to drop off rapidly.

Inspection of the catalyst from the run showed that the majority of the phosphorus
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was deposited on the Tirst third of the bed; the seconda third of the ted con-
tained some phosphorus, and the bottom almcst nore. The data show that phosphorus
is a most active catalyst poiscn and it will have tc be removed from the reactants

prior to contact with the niczkel catalyst.
d. Other Impurities

Time did rot permit the study of other possible poisons.
High corncentrations of water irn tne reactants are kncwn to adversely affect
column equilibrium if not to sctually péison the :2atalyst. <Carbon dioxide is
not a poison; it is normally rresent to some extent in the product gases. Nitrogen
gas and ammonia have also beern present in low ~oncentraticns without damsge to the

catalyst.

5. Bare Tube Runs (No Catalyst)

A series of rums was made without any catalyst in the reactor to
determine whether thermal conversion is practical. The runs (68a, b, ¢ and d, see
Tables 14, 15, and 16, and Figurs 14) were made with a low space velocity (550
hr~l), high pressure (6.1 atm' and high hydrogen/carbon monoxide mole ratio
(3.7:1) to obtain the highest possible yields. The dats show (see Figure 1L) that
almost no conversion was obtained at BOOOC. They show also that the maximum carbon
monoxide coaversicn {about 4Li%) was achieved at sbout TOOOC, and that at tempera-
tures sbove 800°C the conversion Arcps off rapidly. The yield {ultimate) of
carbon dioxide is very high {15 to 25%), so that the yields of methane and wster
are correspondingly low. Appreciable quantities of carbon {1 to 2 g) were found

in the tube after the runs so that some crackin

xa

of the carbon oxides and/or

, : o) . ; .
methane occurs at temperatures of 800 to 900°C. This method of reducticn does
not offer a solution to the problem at hand (i.e., the guantitative reduction of

carbon monoxide with hydrogen to methane and water).

6. Discussion of Results

All three catalysts studied were found to catalyze the reduction
of carbon mornoxide with hydrogen to form methare and water sufficiently well to
be useful in the second step of the carbotnermal process. The bare tube results
indicated that thermal reductiocn of carbon mcrnoxide to methane and water is im-

practical for this process.
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Of the three catalysts studied, Catalyst C-0765-1001 was by far
the best one for use in the carbothermal process. It can operate successfully at
the stoichiometric hydrogen/carbon monoxide mole ratio, thereby using the least
amount of hydrogen and producing a product gas highest in methane. It is also
capable of yielding a product gas containing no carbon monoxide and little or
no carbon dioxide. These carbon oxides would act as diluents in the recycle
stream. Finally, Catalyst C-0765-1001 operates at an unusually low temperature
which minimizes carbon formation, prolongs catalyst life, and produces no higher
molecular weight hydrocarbons or other impurities in either the gas or liquid

phase.

Catalyst C-0T765-1001 contains a maximum quantity of active
nickel (50% by weight) so that a given catalyst bed can tolerate a maximum amount
of impurity such as sulfur before it is rendered inactive. Although sulfur will
have to be removed from the reactant gases, the tolerable level of sulfur may be
higher than once supposed. Phosphorus quickly poisons and degrades the catalyst
so that it should be completely scrubbed from the reactant gases. Oxides of

nitrogen, if present in the reactant gases, would be reduced.

The equipment which was designed and built for this program has
proved to be very effective and flexible for the reduction of carbon monoxide and
hydrogen. The equipment will have to be modified for long-term tests and is not

sultable for lunar operation without major modifications.
E. TASK 5, PROCESS INTEGRATION

1. The Aerojet Carbothermal Process for the Manufacture
of Oxygen from Lunar Minerals

The Aerojet carbothermal process for the manufacture of oxygen
from lunar minerals (see Figure 15) is a three-step process in which hydrogen and
methane (or carbon) are continuously recycled. Lunar rock would be charged con-
tinuously and oxygen and slag would be the two major products. Any water present
in the rock would be recovered. The energy source would be either solar or

nuclear-electric. Waste energy would be radiated into space.
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The first step in the carbothermsl process is the reduction of
the silicate material (believed toc be a major portion of the lunaer mirerals) with
methane. DJemonstration of the feasibility of this step will be undertaken on an
extension of Cecntract NAS 7-225. A brief description of the process and the equip-

ment designed for this study is presented in this section.

The second step in the carbothermal process is the reduction of
the carbon moroxide with hydrogen to form methane (recycle) and water. The feasi-
bility of this step has been demonstrated unequivocally on the present program.
The equipment used is shown in Figures 1, 2, and 3. A continuing program is re-
quired to determine the operating characteristics of the hardware and the catalyst

over prolonged time periocds {(i.e., 60 to 90 days of continuous operation).

The third step in the carbothermal process is the electrolytic
reduction of the water to hydrogen (recycle) and oxygen (product). Some of the
major problemsin this step are {a) reduction in cell weight, (b) increasing the
cell efficiency {lower over-voltage), and {c) lower losses of electrolyte and/or
electrode. Research and development orn this step in the process should be initi-
ated promptly.

~

c. Integration of Steps 1 and 2

After Steps 1 ard 2 have been demonstrated separately, the next
step will be the development of an integrated system. It will not be necessary
to include Step 3 in the integrated plant at this time as the third step can be
depended upon to produce 99.9% pure hydrogen which is not measurably different

from commercially available hydrogen.

Figure 16 shows a flow diagram for the integration of Steps 1
and 2. Hydrogen, carbon monoxide, and methane would be used to start up Steps 1
and 2 independently. Then the methane and carbon mcnoxide would be shut off and
the gases from Step 1 would be fed directly to Step 2 along with encugh hydrogen
to make up for the hydrogen that is lost in the procduction of water. Small
amounts of either methane or carbon monoxide would be added to make up for any
loss of carbon. The crushed rock {simulsting lunar minerals) will be added
continuously by means of a variable-speed sclids feeder. The slsg will be re-

moved intermittently utilizing a heated valve or by continuous remcval facilities.
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3. Design of the Reactor for the Reduction of Silicate
Minerals with Methsgne

The silicate rock reduction furnace shown in Figure 17 was de-
signed for the study of basic engineering considerations. Tubes (1)* carrying
the methane and/or hydrogen into the melt have been carefully sized for velocities
and rates of gas feed as related to equipment capacity and reaction period.
Methane must be released from the feed tube at a temperature below its cracking

temperature, approximately lOOOOC.

Heat is supplied by means of induction electrical current,
450 ke frequency (2). The reactor materials accordingly have been selected to
have minimum effect on the electrical field. A radiometer head (3) controls the

temperature of the tungsten crucible (L4) which will contain the rock melt.

Facilities are provided for evacuating the reactor and purging
with argon before feeding in the normal methane/hydrogen atmosphere. Evacuation
and argon purge will precede shutdown also. The vacuum pump (5) will normally

be idle and valve (6) closed to the system.

Fine regulation of gas flow has been provided by manometers,
pressure gages and orifice plates for methane (7), and hydrogen (8). A wet test

meter (9) provides product gas measurement.

A gas chromatograph (10) monitors the carbon monoxide, hydrogen,
and methane content of the exit gas. Water is extracted ahead of the chromato-
graph by drying tubes (11). As carbon dioxide should only be present, if at all,
during initial melting of the rock, an ascarite tube (12) is provided for its
quantitative collection. A sample station (13) provides for mass spectrograph,

or similar type of analysis, to be made at a different location.

The rock reactor is provided with temperature control (14) at
its midpoint. An optical pyrometer (15) provides temperature indication for the

rock melt. A thermocouple (15) provides temperature of gas inlet to rock melt.

*
Numbers refer to coding system used in Figure 17 to label reactor components.
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The rock reductions will initially be studied by melting in
aluminum oxide (99.5% A1205, working temperature 195000) or zirconium oxide
crucibles. These crucibles (not shown) sit inside the tungsten crucible (k),
acting as the furnace liner. Zirconia (16) insulation is provided between the
tungsten crucible and quartz retaining cylinder (17). The melt is viewed by
remote lens and mirror (18). The rock reactor is enclosed by a Pyrex bell jar.
Cooling 1s provided by air streams plus the water-cooled induction coil (19) and
water condenser (20). The reactor is enclosed in a safety shield. Additional
safety has been provided by using metallic piping and valves as much as possible,
A system pressure relief is provided (21). A flame arrester (22) is placed on

the outlet gas line to protect the system.
Iv. PERSONNEL
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TABLE 2
REDUCTION OF CARBON MONOXIDE WITH HYDROGEN,

PRELIMINARY RUNS
(PRODUCT GAS ANALYSIS)

Composition of Product Gas

(vol%)
Run g H.0 co CH co
No. 2 2 4 2
5 65.4 1.20 0.50 32,0 0.9
8 70.0 1.20 0.30 25.8 2.7
9 63.5 1.20 0.20 30.9 4.2

& Three to six gas samples were obtained during the course

of each run, at 1- to 2-hour intervals. The average
analysis resulting from these samples for each run is re-
ported here. The composition of the gas was determined by
mass spectrometric analysis, excepting water vapor. The
water vapor concentration was assumed to be fixed by the
condenser water temperature (10°C). This assumption was
spot-checked periodically by vapor-phase chromatography
and was found to be correct. Each gas sample was checked
for higher hydrocarbons; none were found. Liquid water
samples were spot-checked for carbon-containing compounds;
none were found.

Table 2
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TABLE 3

REDUCTION OF CARBON MONOXIDE WITH HYDROGEN,
PRELIMINARY RUNS
(CO CONVERSION AND PRODUCT YIELD)

Nominal Actual
HZ/CO Catalyst Overall Product Yield
Space a Bed b Material co (mole®)
Run Mole Velocity Tem Balance Conversion H.0° CH co
No. Ratio  (hr-1) (°c§ (%) (mole®) 2 4 2
8 4.0 503 278 101 99.4 85.5 8l1.7 8.5
9 4.0 503 285 101 99.4 88.0 79.4 10.8

® Space Velocity = oStendard cu ft/hr of reactants

cu ft of catalyst

b Average of the top, mid, and bottom temperature points of the catalyst bed.

¢ Based on total of liquid and gaseous fractions,

Table 3
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TABLE 5
REDUCTION OF CARBON MONOXIDE WITH HYDROGEN,
CATALYST C-0765-1005
(PRODUCT GAS ANALYSIS)®

Composition of Product Gas

Run (vo

No. Hz 520 co CH4 002

10 58.97 1.21 0.38 35.84 3.59
11 50.47 1.21 0.34 46.86 1.13
12 52.16 1.21 0.39 45.42 0.82
13 50.95 1.21 0.52 44.54 2.78
18 45,80 1.21 0.33 51.67 0.99
19 51.68 1.21 0.24 46.54 0.33
20 48.51 1.21 0.30 48.96 1.02
21 34 .55 1.21 0.50 56.82 6.93
22 41.45 1.21 0.52 50.81 6.01
23 43.36 1.21 0.59 48.85 5.99
24 60.91 1.21 0.69 33.70 3.49
25 56.82 1l.21 0.02 39,12 2.83
26 54,66 0.17 0.01 45.14 0.02
27 54 .65 0,20 0.01 44.95 0.20
28 25.54 0.20 0.12 69.42 4.72
29 31.23 0.20 0.07 66.47 2.03
30 32497 0,20 0.02 65.89 0.92
31 55.56 1.21 0.08 41.85 1.30
32 50.72 0.20 0.03 48.72 0.33
33 33.75 0.20 0.12 62.78 3.15
35 53.78 0.20 0.01 45.91 0.10
36 53.55 0.20 0.01 46.14 0.10
38 53.73 0.20 0.03 45.67 0.37
39 50.57 0.20 0.03 48.43 0.77
40 52.06 0.20 0.02 47.12 0.60
4l 47.89 0.20 0.15 49.76 2.00

® Three to six gas samples were obtained during the course of each run,
at 1- to 2-hour intervals. The average analysis resulting from these
samples for each run is reported here. The composition of the gas was
determined by mass spectrometric analysis, excepting water vapor. The
water vapor concentration was assumed to be fixed by the condenser
water temperature (10°C). This assumption was spot-checked periodically
by vapor-phase chromatography and was found to be correct. During the
first 24 runs CO determinations were made by mass spectrometric analysis.
In subsequent runs CO analyses vere made by gas chromatic methods which
were found to be more sensitive to the extremely low concentrations of
CO obtained., Gas samples were checked for higher hydrocarbons; none
were found. Liquid water samples were checked for carbon-containing
compounds; none were found,
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EFFECT OF REACTION TIME ON CATALYST BED PRESSURE DROP,

Run
No.

22
24
26
35

13
33
42

CATALYST C-0765-1005

Space Velocity

Bed Pressure

(hr-1) (atm)
503 1.0
T78 1.0
1000 1.0
1005 7.1
976 6.1
503 1.0
996 6.1
350 1.0

Pressure Drop
AP
(in. of HZO)

2.0
35
8.7
7.0
T.5

2.8
110
15-0
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TABLE 8

REACTION GAS COMPOSITIONZ,
CATALYST C-0765-1005

Gas Composition

Run Sample " o m;%% o
No. Location 2 4 2
10-4a Top 70.6 0.4 18.8 4.9
10-4b Mid 61.1 0.4 34.1 3.9
10-40 Outlet 58.2 003 3703 306
11-6a Top - - - 6.8
11-6b Mid - - - 2.4
11-6¢ Outlet 54.5 0.3 43.5 1.1
19-3a Top - - - 6.0
19-3b Mid - - - 1.3
19=3¢c Outlet 54.1 0.1 45.1 0.3
27=a Top - - - 4.2
27-b Mid - - - 1.0
32-a Top - - - 4.5
32-b Mid ‘ - - - 1.0
32-c Outlet 50.7 0.03 48.7 0.3
40-b Mid - - - 2.0
40-c Outlet 52.1 0.02 47.1 0.6

8 Gas samples were removed from the reactor, 12 and 24 in. from
the top of the catalyst bed, respectively, and analyzed. The
results are compared with the product gas analysis,

Table 8
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TABLE 10
REDUCTION OF CARBON MONOXIDE WITH HYDROGEN,

CATALYST C-0765-1001
(PRODUCT GAS ANALYSIS)

Composition of Product Gas

(vold

Run

No, HZ Hzo co CH4 002
45 49.4 1.20 0.0 49.4 0.00
46 49.4 1.15 0.0 49.4 0.00
47 51.5 1.15 0.0 47.3 0.00
48 48.4 1.15 0.0 50.4 0.05
49a 50.8 1.15 0.0 48.1 0.00
51 53.0 1.15 0.0 45.9 0.00
52b 8.9 1.14 0.0 91.5 3.50
53 38.5 1.14 0.0 60.4 0.00
54 17.7 1.14 0.0 80.5 0.65
55 9.3 0.20 0.0 90.2 0.35
56 12.0 0.20 0.0 86.6 1.27
57 18.9 0.20 0.0 78.6 2.25
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TABLE 12

CATALYST BED PRESSURE DROP,
CATALYST C-0765-1001

Pressure Drop

Report No. 2757

Run Space Velocity Pressure Ap
Fo. (nr-1) (atm) (in. of 1120)
45 500 1.0 1l
46 750 1.0 1
47 1000 1.0 2
48 1480 1.0 3.5
49 1000 1.0 2
51 2000 1.0 6
52 810 1.0 1.5
53 1000 1.0 1.5
55 1000 6.1 >1
57 1500 6.1 2

Table 12
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TABLE 13

REACTANT GAS CARBON DIOXIDE CONTENT VERSUS CATALYST BED DEPTH,
CATALYST C-0765-1001

0 lys
Space Hz/co c > Analysis

Run Velocity Mole (vo1 %)

Fo. (hr-1) Ratio Top Third Mid Third Outlet
45 500 4.0 0.4 0.0 0.00

46 750 4.0 1.6 0.0 0.00

47 1000 4.1 2.7 0.3 0.00

48 1481 4.0 4.6 0.8 0.05

51 2010 4.1 3.8 0.2 0.00

55 1000 3.0 4.9 1.0 0.35

57 1500 3.0 6.1 3.6 2.25

Table 13
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TABLE 15

REDUCTION OF CARBON MONOXIDE WITH HYDROGEN
(PRODUCT GAS ANALYSIS)

Composition of Product Gas

o (vo1%)

un

¥o. H2 HZO co CH4 CO2 NHB NZ
60 53.9 0020 0.0 45.7 002 - -
61 16-4 0.20 0.0l 79.2 401 - -
63b 600 0020 0.0 92.9 009 - -
64c 5.0 0920 OQO 93.2 1.6 - -
66b 4.0 0.20 0.0 93.3 1.8 0.2 0.5
66¢ 21.8 0.20 0.0 T7.2 0.0 0.3 0.5
67b 10.0 0.20 o.o 88.4 1.4 - -
68a 71.0 0.20 16.9 8.7 3.2 - -
68b 70.9 0020 16.9 9.5 2.6 - -
680 71.0 0.20 1509 1009 1.9 - -
68d 75.0 0.20 18.6 502 100 - -

Table 15
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Flow Reactor for Reduction
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of CO with H2 During Construction

Figure 2
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Flow Reactor for Reduction of CO with H2
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